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Abstract-This paper presents a numerical model of gate turn-off thyristors (GTO's). The new concept of a controlledswitch realized by a controlled-current source is first introduced. Using this basic model, an equivalent circuit of the GTO is given. According to the characteristics of GTO given by manufacturers, the equations connected with all the parameters of the equivalent circuit are deduced. All of the parameters of the equivalent circuit are determined. A sample study is presented at the end of the paper. We have simulated this numerical model with the SICOS program and the results are in concordance with the experiment.
I. INTRODUCTION
ATE turn-off thyristors (GTO's) of rated high volt-G age and high current are becoming increasingly used in power electronic applications and are replacing Static Converter Simulation (SCR's). Many models of GTO's have been proposed for the simulation of power circuits. These models can usually be divided into two groups: the first one is the ideal controlled switch. This type of switch model has only two states (ON and OFF) without considering the transition area of turn-on and turn-off. It is obvious that they are not suitable for simulating highpower converters. The second type of switch is based on semiconductor physics. As a model of GTO, they are very effective. However, this type of model is very difficult to use in simulation of power converters because the internal physics parameters are not given by manufacturers.
In this paper, we propose a new model of GTO. It is entirely based on the characteristics of GTO's, which are very easy to find in data sheets or obtained by experimental methods. The equivalent circuit obtained from this model can be realized easily in a good number of simulation programs. It represents the dynamic and static behaviors of a GTO. A controlled switch is the switch that can be turned on or turned off by another voltage across another component. This component is either an element in the same power circuit as the controlled switch or an another element in another independent circuit. It can also be a branch of a network in series or in parallel.
CHARACTERISTICS OF A GTO
Based on this concept, an equivalent circuit of the controlled switch is presented in Fig. 2 . It is composed of a controlled-current source with two diodes, one in series with it and the other in parallel. The behaviors of this switch are described as follows.
1) When the voltage Vc is negative, the current of the controlled-current source Z ( t ) = 0. The impedance of the source is infinite. The switch is turned off.
2) When the voltage Vc is greater than zero, the current of the controlled-current source Z(t) = K*Vc, making diode D , turn on. The controlled switch thus appears as a small impedance. It is equal to 
B. Model of a GTO
Using the model of the controlled switch, we propose the equivalent circuit of the GTO as shown in 
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Q,(t>, the voltage of capacitor C,. The equivalent circuit of a GTO also includes considerations of inverse voltage, holding current, and parasitic capacitance.
IV. BEHAVIORS OF EQUIVALENT CIRCUIT OF A GTO
At the instant t = t , , a positive source is applied to the gate of the GTO (point GI. C; is charged up to instant t,.
When t = t,, Uc,(td) = E,, the diode D , is conducting.
Capacitor C, begins charging. At instant t,, the controlled source Z ( t ) supplies the current and capacitor C, begins charging. This decreases the anode potential and increases the anode current. The GTO is conducting. current that is superior to the load current passes through C' ( 3 )
v. DETERMINATION OF THE PARAMETERS OF THE EQUIVALENT CIRCUIT
We have given an equivalent circuit for a GTO. It is certain that this equivalent circuit is based on the concept of black box, i.e., only external characteristics are considered. For example, it can also describe switch times t,, t,, t , , t f , etc.
According to the equivalent circuit (a three-terminals network), we are going to determine parameters R I , R I , and R,, (the resistance of T, in the on-state), C',, Cy, C 2 , C,, and the transconductance K of the controlled-current source Z(t). We consider that E , is smaller than E,, and is strictly superior to zero. Egl is a positive voltage source applied to the gate of the GTO and E,, is negative.
L , mdX is the inductance of the gate of the GTO. Manufacturers give the limiting rate of rise of the gate current. We can use this condition di,,,,/dt to determine this parameter (for certain manufacturers it is specified).
Here,
We made a second degree approximation because t , is very small. Thus we have
Here, E,, is the reverse voltage of the dc source applied to the gate of the GTO, and di,,,,/dt is the maximum rate of inverse gate current.
3 Lg2
gate of the GTO, we have
which is a function of K and Uc2:
When the positive dc voltage source is applied to the I( t ) represents the current of the controlled source,
t I ( t ) = f ( k , Uc,(t)). ( 2 )
This gives the relation between the gate circuit and the anode-cathode circuit as follows: When t > 4-(7~/2), I ( t ) holds the maximum value because the state of diode 2 is turned off. That is, Using this initial condition, we can obtain the voltage of C,:
The reverse gate current is ITGPM for consideration of the extreminal case. thus we have 
with to < t < t,.
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, t ,(t,) , and 0.1 < g, < 0.8. We take g, = 0.4. The power circuit used for testing the model of the GTO is given in Fig. 4 [6] . The parameters of the ciicuit are as follows:
The equivalent circuit of this power circuit is given in 
CA, is a parasitic capacitor given by the manufacturer. We consider that CA, = (from 0.01 up to 0.005)*C3 if it is not given.
VI. EXAMPLE For the GTO, type AEG G200 A 1200 V, 300 A, the properties are as follows: t,, = 1.65 p~ t, = 1.4 ps U,,, = 1200 V represent, respectively, the anode current and the gate curretit of the GTO. VI,, -V, is the anode-cathode voltage of the GTO. Fig. 7 presents the experimental results [6] . A comparison of the two figures shows that the results of the simulation are similar to the experimental results. Fig. 8 is another case of a GTO in the on state, the signal of the gate of the GTO being zero. When the anode current becomes inferior to the maintain current, the GTO turns off. The step time is 0.08E-6 s. 
